Abstract: Platinum-ruthenium bimetallic nanoparticles are prepared by chemical reduction using sodium borohydride in reverse microemulsions of water/isooctane/Igepal CA-630/2-propanol for fuel cell catalysts. The prepared nanoparticles are characterized by transmission electron microscopy, X-ray diffraction, Xray photoelectron spectroscopy, and energy-dispersive X-ray analysis. The average size and morphology of nanoparticles are dependent on the water volume fraction in reverse microemulsion system in the range of ca. 2-4 nm. The morphology of particles is related with the percolation behavior of water droplets in reverse microemulsions. By the pretreatment of water phase using a hydrochloric acid, the particles of a homogeneous solid solution state can be obtained. The CO stripping cyclovoltammetry and the electrochemical measurements compared with commercial catalyst show that the prepared particles have a high electrochemically active surface area and a stable and high catalytic activity for reformate gas oxidation.
INTRODUCTION
In recent years, nanoscale materials are attracting increasing attention due to their peculiar physicochemical properties, so called the quantum size effect [1] [2] [3] . The nanoparticles have technological implications for the improvements of catalysts [4] [5] [6] [7] , semiconductors [8] [9] [10] [11] [12] , optoelectronics 13) , magnetic materials 14, 15) , and so on. Bimetallic nanoparticles, in particular, have been extensively investigated with great interest because it is possible to improve the catalytic activity, selectivity, and stability as well as to reduce the cost of precious metal such as platinum by combination of two kinds of metals and their fine structures in the field of catalysis [16] [17] [18] [19] [20] . Various preparation methods of the nanoparticles such as electrolysis 21, 22) , polyol reduction 23) , alcohol reduction [24] [25] [26] , citrate reduction 27) , g -ray irradiation [28] [29] [30] , organometallic techniques 31, 32) , and sol-gel method 33) have been proposed in addition to dry methods including chemical vapor deposition and sputtering 34) . Reverse microemulsion method is extensively used to synthesize nanoparticles with a narrow size distribution [35] [36] [37] [38] [39] [40] [41] [42] . The nano-sized water pools are formed in a continuous oil phase by surfactant, which is thermodynamically stable and employed as templates for in situ generation of nanoparticles. The water pools and their contents are freely exchanging. This dynamic property of reverse micelles provides an opportunity for nanoparticle synthesis by mixing two separate reverse micellar pools containing reactants. The size, shape and crystallinity of nanoparticles are also changed by control of the water pool size and the nature of counter ions. Although reverse microemulsions have been researched significantly to prepare various kinds of nanoparticles in terms of organic and inorganic materials, there are few reports on the preparation of bimetallic nanoparticles.
Platinum-ruthenium alloys are the most popular anode catalysts for the electrooxidation of methanol and reformate gas such as CO-contaminated H 2 in polymer electrolyte fuel cells. It is well known that PtRu alloy catalysts are more stable than Pt against CO poisoning, which is main cause of their low activity for electrooxidation of methanol and reformate gas [43] [44] [45] . Much efforts have been focused on the development of carbon supported and unsupported platinum-ruthenium alloy catalysts for high platinum efficiency and electrocatalytic activity. Bönnemann et al. synthesized colloidal nanoparticles as precursor for PtRu/C catalysts by using aluminum organic compounds, which led to highly dispersed carbon supported catalysts 46) . The preparation of platinum-ruthenium bimetallic nanoparticles has been researched by various methods such as the chemical reduction using water-soluble betaine stabilizer 47) , the microwave-assisted polyol process 48) , and the thermal decomposition of organometallic compounds 32) . Also, the carbon supported platinum and platinum-ruthenium alloy catalysts by alcohol reduction using polymer surfactants have been reported 49) . However, few attempts have been made to prepare platinum-ruthenium bimetallic nanoparticles in reverse microemulsion 50) . Reverse microemulsion method provides an opportunity for synthesis of high-quality bimetallic nanoparticles with a narrow size distribution. Furthermore, the size, composition and morphology of nanoparticle can be controlled easily by the adjustment of synthesis conditions. Nonionic surfactant was used to avoid contamination and increase volumetric productivity of platinum-ruthenium bimetallic nanoparticles because ionic surfactants, such as AOT may contaminate products and not adequate for high product yields.
In the present work, platinum-ruthenium bimetallic nanoparticles were synthesized in water/isooctane reverse microemulsions that were stabilized by commercially available nonionic surfactant for anode catalysts in polymer electrolyte fuel cell. The effects of synthetic conditions such as the volumetric ratio of water and the properties of precursor solution on bimetallic nanoparticles were, in particular, investigated. Furthermore, their physicochemical properties and the catalytic properties for the electrooxidations of reformate gas have also been studied.
EXPERIMENTAL

1
Platinum-ruthenium bimetallic nanoparticles were synthesized in reverse microemulsions of water/Igepal CA-630/2-propanol/isooctane. Reverse microemulsions were consisted of isooctane (2,2,4-trimethylpentane, 99.7 %, Wako Pure Chemical Industries, Ltd.) as an oil phase, Igepal CA-630 (Octylphenoxy polyethoxyethanol with 9 units of ethylene oxide per mole, Sigma) as a surfactant, 2-propanol (99.5 %, Wako Pure Chemical Industries, Ltd.) as a cosurfactant and precursor aqueous solution. The Igepal CA-630 nonionic surfactant was added to a mixture of isooctane and 2-propanol. The metal precursor solution was obtained by dissolving hydrogen hexachloroplatinate (IV) hexahydrate (Tanaka Kikinzuku Kogyo, Co., Ltd.) and hydrogen hexachlororuthenate (IV) solution (Tanaka Kikinzuku Kogyo, Co., Ltd.) in stoichiometric ratio to 0.2 N hydrochloric aqueous solutions. The hydrochloric acid was a guaranteed reagent of Wako Pure Chemical Industries, Ltd. and the water was highly pure (18.2 MΩ cm) Milli-Q water (Millipore). The reverse microemulsions of metal precursors and sodium borohydride (99 %, Aldrich) were prepared by injecting the aqueous solutions to the previous isooctane solution containing surfactant (isooctane:2-propanol:surfactant = 30 : 61 : 9, volumetric ratio) and stirring sufficiently at room temperature until those change to be clear and stable. The water volume fraction (f w ) was defined by the ratio of water volume to total volume summation of each component. The amount of sodium borohydride was 20 times total mole of the metal precursors, which is sufficient to reduce metal ions to elementary state completely. To synthesize the bimetallic nanoparticles, the reverse microemulsion containing borohydride was added by drop to that of metal precursors at same volume and stirred constantly at room temperature. The reduction of metal ion into the metallic particles could be measured by the UV-vis absorption spectra with stirring time. After being stirred sufficiently, dark and fine particles were precipitated slowly. The particles were recovered from reverse microemulsion by centrifugation and washed several times with pure ethanol and water to remove residual surfactants. The resulting powder was dried at room temperature in vacuum oven.
2
Electrical conductivity of solution was measured with a conductivity cell on Horiba 3552-10D in a conductivity meter on a Horiba DS-12 to examine the percolation behavior of water droplet in reverse microemulsion system. The size and its distribution of nanoparticles were characterized by transmission electron microscopy (TEM) using a Hitachi H-700H. The dried powder was ultrasonically dispersed in ethanol and deposited on a copper grid coated with carbon film for TEM measurement. X-ray diffraction (XRD) measurements were performed using a Rigaku Rad RR diffractometer with a CuKa radiation source (l = 0.1542 nm) under standard acquisition conditions. The crystalline size, lattice constant and alloy state of particles were estimated from peak broadening analysis of (220) peak. Continuous scans in the range of 2q from 20-90˚ were used. JCPDS-ICDD standard spectra software was used to determine the phases. X-ray photoelectron spectroscopy (XPS) was used for surface analysis and characterization using a M-PROBE surface spectrometer equipped with a single channel detector coupled with an Al K radiation source of 1487eV operating at 10kV and 20mA. The pressure of main chamber was ~10 -9 Torr. Each spectral region was signal-averaged for a given number of scans to obtain a good signal-to-noise ratio. Peak areas were computed by software that used Gaussian peak shapes and flat background subtraction. Atomic surface concentrations were calculated based on well-established relationships, where appropriate atomic sensitivity factors have been used 51) .
3
Electrochemical characterization of samples was performed in an electrochemical cell with three electrodes using a rotating disk electrode (RRDE-1, Nikko Keisoku Co., Ltd.) in 0.1 M sulfuric acid (98 %) electrolyte at room temperature. A Pt disk and Ag/AgCl (in saturated KCl) were used as the counter and reference electrodes, respectively. Potentials were expressed in terms of the reversible hydrogen electrode (RHE) in this paper. A glassy carbon disk with 6 mm diameter was used as catalyst support in working electrode. The potential or current were controlled by Solartron SI 1287 potentiostat/galvatostat. The fabrication of working electrode and the electrochemical measurements of both reformate gas and methanol oxidations were performed as described by the other reports 46) . For the electrode fabrication, suspensions of 0.424 mg/ml catalyst in highly pure water were dispersed ultrasonically for 30 min and then a 20 ml aliquot was coated onto the surface of the glassy carbon disk electrode. After drying at room temperature, the electrode surface was covered with 20 ml of diluted Nafion solution (5 % Nafion® 117 solution, Wako Pure Chemical Industries, Ltd.) with water (Nafion solution : water = 1 : 50, volumetric ratio) to attach the catalyst particles on the glassy carbon surface. The final catalyst loading was 30 mg/cm 2 . Working electrode was maintained in deaerated electrolyte by nitrogen gas at 0.05 V for 20 min before each experiment in order to clean the working electrode. For CO stripping voltammetry, carbon monoxide was adsorbed at 0.05 V for 5 min, while for the continuous oxidation of reformate gas, working electrode was held at 0.05 V and 2500 rpm for 20 min before potentiodynamic oxidation.
RESULTS AND DISCUSSION
1
To examine the percolation behavior of water droplets in reverse microemulsion system, the electric conductivity of microemulsion was measured with water volume fraction (f w ). The electrical conductivities of initial oil phase containing Igepal CA-630 and 2-propanol, and 0.4 M metal precursor aqueous solution were 11.41 mS/cm and 50 mS/cm, respectively. The change of conductivity showed different tendencies each other with three regions of water volume fraction ( ). For f w < 0.064, the change of conductivity was negligible, which suggests that the micelles in reverse microemulsion system were discrete and have little interaction with each other. As f w increased from 0.064 to 0.113 of water volume fraction, the conductivity was increased slightly. It is assumed that micelles interact with each other maintaining stable state in this region. For f w > 0.113, the conductivity was increased sharply with increasing water contents. This result indicates that the micelles have strong interaction with each other, and therefore, their morphology can be changed to different form without maintaining initial shape. In this case, reverse microemulsions underwent phase separation at high water contents. The phase behavior of reverse microemulsion system (water/isooctane, water/cyclohexane using polyethoxylated hexanol, Neodol 91-6 as a surfactant) was studied with quasi-elastic light scattering (QELS) and small-angle neutron scattering (SANS) by Ying et al 52) . They reported that discrete reverse micelles are dispersed in a continuous oil phase at low water content. On the other hand, micelles are dispersed in a continuous aqueous phase and their conductivity was similar to that of water at high water content. Also, the shape and size of final products are dependent on the characteristics of reverse microemulsion system.
Therefore, the percolation behavior of micelle could be considered as an important factor to determine the morphology of resultant nanoparticles as well as stabilize the reverse microemulsion system in this study.
2
It is well known that the water volume fraction of reverse microemulsion system is a key parameter to determine particle size. To examine the effects of water volume fraction on the particle size, their distribution and morphology, TEM measurements were performed for the particles prepared with various conditions. As shown in , the prepared platinum-ruthenium bimetallic nanoparticles were spherical shape with narrow size distribution and the
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J. Oleo Sci. 56, (10) 553-562 (2007) particle size was increased with increasing water volume fraction. The aggregated surfactant micelles formed in reverse microemulsion system are employed as a nanoreactor for in situ generation of nanoparticles. The particles in this vesicle are protected from aggregation of particles by surfactant wall, therefore, the particle size is dependent on that of nanoreactor. These changes of particle size could be explained by the increased water pool size with water contents. Also, it is noticed that the prepared particles were highly dispersed at low water contents (f w ≤ 0.049), whereas the particles formed a spherical clusters for water contents of 0.065 ≤ f w ≤ 0.108. The electrical conductivity measurements ( ) showed that the micelles in reverse microemulsion system were discrete and have little interaction with each other at low water contents (f w < 0.064), while, micelles interact with each other in the f w range of from 0.064 to 0.113. The formation of spherical clusters might be due to an increased interaction between the reverse micelles. Therefore, the morphology of platinum-ruthenium particles was related with the percolation behavior of micelles.
( ) shows the diffraction pattern of particle prepared at f w = 0.079 of ( ). As can be seen from the analysis of diffraction rings in ( ), the prepared particles had the crystal structure of the face-centered cubic (fcc).
The size of bimetallic particles was increased linearly with increasing water contents (
). This trend is agreed well with that of other investigations on the hydrodynamic size analysis by QELS measurements [53] [54] [55] . Dei et al. reported that the hydrodynamic size of water droplets in reverse microemulsion system (water/cyclohexane using octylphenoxy polyethoxyethanol, Igepal CO-520 as a surfactant) was increased linearly with water contents and water droplets were very stably maintained during the reaction. These results represent that the size of the resultant particles was dependent strongly on that of water droplet. Based on the TEM results and other investigations, the micelle size is found to be a main factor to determine the size of the platinum-ruthenium bimetallic particles in our study. 
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3
To determine the crystalline structure, size and alloy state of prepared particles, XRD measurements were carried out.
shows XRD patterns of platinum and platinum-ruthenium bimetallic particles. The atomic bulk composition of bimetallic particles was about 50 % Pt and 50 % Ru. All peaks can be indexed as the platinum facecentered cubic (fcc) phase based on the data of the JCPDS. From the broadening of (220) diffraction peak, the average crystalline size and lattice constant of particles were calculated. The average crystalline sizes of bimetallic particles estimated from the Debye Å Scherrer equation are listed in , which are agreed well with the results from TEM measurements. At the same preparation conditions, the size of platinum particle was larger than that of bimetallic particle ( ). For the preparation of nanoparticle by reduction, the nucleation process is known to be an important step to determine the particle size. The composition effects on the particle size in the preparation of bimetallic nanoparticle have been studied by other researchers [56] [57] [58] . Total Gibbs energy of an atomic assembly is changed by the different interactions of Pt-Pt, Ru-Ru, and Pt-Ru. Therefore, the number of atom required to form the nuclei can be different. In our study, this result suggests that the bimetallic system is more favorable than the platinum system to form nuclei at the beginning of the reaction.
The formation of PtRu alloy was confirmed by the shift of the diffraction peaks to higher angle, compared to those of platinum. The lattice constant of prepared particle was 3.901 Å, ( ( )) which suggests that the composition of PtRu alloy is 83 % Pt and 17 % Ru by the dependency of the lattice parameter on Ru concentration in PtRu alloy 59) . On the other hand, the surface composition of about 39% Pt and 61 % Ru was obtained by XPS measurements ( ). The surface rich of ruthenium on bimetallic particles may be caused by the difference of the reduction rates of PtCl 6 2-and RuCl 6 2-ions or their nucleation rates. The inhomogeneity of bimetallic particle also has been reported by other studies. Wu et al. proposed that the Au/Pt and Pd/Pt bimetallic nanoparticles prepared by using reverse microemulsions had the structures of Au-core/Pt-shell and Pd-core/Pt-shell, respectively, because that the nucleation rates of Au and Pd were much faster than that of Pt 56) . By adding a hydrochloric acid into the precursor solution to form 0.2 N HCl solution, the lattice constant of bimetallic particles decreased to 3.868 Å (Pt : Ru = 53 : 47 alloy composition) as shown in ( ) and the surface composition was about 55 % Pt and 45 % Ru (
). This indicates that the prepared particles using the precursor solution with hydrochloric acid consisted of the homogeneous PtRu solid solution of almost 50 % Pt and 50 % Ru. Also, the sizes of the bimetallic particles were increased by the addition of hydrochloric acid in the whole water contents region as shown in ( ). Although this result could not be explained clearly, it is possible to assume that the reduction or the nucleation rates of Pt (or ion) was much faster than those of Ru, and therefore, Pt atoms formed the nuclei preferentially at the beginning reaction. Then, Pt and Ru atoms deposited on the nuclei gradually to form a resultant particle, but since Pt atoms have the priority to deposit on the nuclei, this leads to the formation of a Pt-core/Ru-shell structure. By the addition of a
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J. Oleo Sci. 56, (10) 553-562 (2007) hydrochloric acid, the reduction or nucleation rates of both Pt and Ru were decreased, which may diminish the difference of those of Pt and Ru to be favorable condition of the PtRu alloy formation but grows the particle into the larger one. All samples were prepared by using the precursor solution with hydrochloric acid in this study. The XPS measurements were performed to measure the surface chemical composition and the oxidation state of metals in the prepared particles.
shows the Pt 4f and Ru 3p X-ray photoelectron spectra of the prepared bimetallic nanoparticles, respectively. The Pt 4f spectra are composed of Pt 4f 7/2 and Pt 4f 5/2 spectrum and could be deconvoluted into two doublets. The presence of metallic platinum (Pt 0 ) was characterized at 71.29 (Pt 4f 7/2 ) and 74.59 eV (Pt 4f 5/2 ) and platinum oxide (Pt 2+ ) was appeared at 72.62 (Pt 4f 7/2 ) and 75.97 eV (Pt 4f 5/2 ). The relative concentrations of the metallic platinum and the platinum oxide were about 83 % and 17 %, respectively. The surface ruthenium species of particles were examined by analyzing the Ru 3p 3/2 spectrum. The Ru 3p 3/2 spectrum was deconvoluted into two components at 461.73 and 464.43 eV, attributable to metallic ruthenium (Ru 0 ) and ruthenium dioxide (Ru
4+
) at a concentration of around 79 and 21 %. The binding energy and the oxidation state of each metal in particle surface are listed in . The surface characteristic of platinum-ruthenium particle is significantly important for the oxidation of reformate gas. The platinum catalysts used in the oxidation of reformate gas are inclined to deactivate due to the irreversible adsorption of carbon monoxide on the surface. According to bifunctional mechanism, Pt-sites oxidize hydrogen or decompose methanol, whereas alloying component, ruthenium adsorbs oxygenated species from water. The carbon monoxides adsorbed on Pt-sites react with the oxygenated species on the neighboring Rusites in the alloy to carbon dioxide. Therefore, the characteristics of the surface oxygen species and the surface composition of the platinum-ruthenium particle are a factor to determine the catalytic activity.
4
In order to examine the active surface area and the characteristics of carbon monoxide oxidation of the prepared bimetallic particles, CO stripping cyclovoltammetry was performed.
shows the CO stripping voltammograms of the prepared bimetallic particles and platinum catalysts at a sweep rate of 20 mV/s in 0.1 M H 2 SO 4 electrolyte at room temperature. For platinum catalyst, the peak potential of the carbon monoxide oxidation was about 0.80V. On the other hand, platinum-ruthenium catalyst had carbon monoxide oxidation peak at 0.56V. The lower potential value of platinum-ruthenium catalyst than that of platinum was caused by the higher affinity of ruthenium for oxygen species such as H 2 O or OH than that of platinum. The carbon monoxide adsorbed on the platinum surface could be oxidized with the species formed on the ruthenium surface at lower potentials. The carbon monoxide oxidation property of our catalyst was compared with that of commercial catalyst (unsupported PtRu (1 : 1) catalyst, XRD size = 2.6 nm, Johnson and Matthey) from CO stripping cyclovoltammetry. The surface composition of JM catalyst was about 51 % Pt and 49 % Ru from XPS measurements. The peak potential of carbon monoxide oxidation was 0.51 V, which was lower than that of the prepared catalyst. Gasteiger et al. reported that the surface composition of PtRu alloy catalyst could be estimated by the potential of CO stripping peak and a bulk alloy with a surface ruthenium concentration of 50 % had the peak potential of 0.50V 60) . Coulombic charge of carbon monoxide desorption, Q CO can be calculated from the integrated charge in the carbon monoxide desorption region. The denominator used in this equation, 420 mC/real cm 2 Pt means the charge of CO calculated from the surface density of polycrystalline Pt. The surface areas of particles prepared with various water contents were listed in . With increasing water contents, the size of resulting particles was increased and the surface area was decreased. And it is noted that the surface area of particles prepared at low water content is higher than that of the commercial catalyst.
To examine the catalytic activity of the prepared particles for reformate gas oxidation, potentiodynamic and potentiostatic oxidation of reformate gas (0.5 % carbon monoxide and hydrogen) were performed at room temperature.
shows the potentiodynamic oxidation of reformate gas over the prepared catalysts with various water contents at a sweep rate of 1 mV/s in 0.1 M H 2 SO 4 electrolyte at constant 2500 rpm. In the case of platinum catalyst, the hydrogen oxidation was suppressed until about 0.72V by CO poisoning. The onset potential of prepared platinum-ruthenium catalysts in reformate gas oxidation was about 0.4V, which is similar to that of commercial catalyst. At the onset potential, the oxidation current was sharply increased to the maximum value, and then maintained the constant maximum current with increasing potential. The order of maximum oxidation currents was catalyst at f w = 0.033 > catalyst at f w = 0.108 > JM catalyst. The maximum current of the catalyst prepared at f w = 0.033 (43.4 m 2 /g) was about 1.5 times higher that of the catalyst at f w = 0.108 (34.5 m 2 /g) because the surface area of the catalyst at f w = 0.033 was higher than that of the catalyst at f w = 0.108. However, the low maximum current of JM catalyst (39.2 m 2 /g) can not be explained by the surface area. Paulus et al. suggested that the hydrogen oxidation was depressed by the formation of oxide on the catalyst surface at higher potentials 46(a)) . Also, it could be considered that the high content of ruthenium provides favorable environments for the carbon monoxide oxidation, whereas interferes with the hydrogen oxidation on platinum because ruthenium is not good catalyst for hydrogen oxidation.
shows the potentiostatic oxidation results on the prepared catalysts and JM catalyst. All data were obtained after 1 hour and could be considered as a steady state value. As mentioned in the potentiodynamic oxidation results, the oxidation currents of reformate gas on each catalysts show the different characteristics with potential region. In the potential of ~ 0.4V, the order of oxidation currents was JM catalyst > catalyst at f w = 0.108 > catalyst at f w = 0.033. The JM catalyst with higher surface ruthenium concentration than other catalysts showed the best performance, and it is noted that the activity of catalyst at f w = 0.033 with high surface area was less than that of the catalyst f w = 0.108. At low potential, the oxidation of the carbon monoxide adsorbed on catalyst is required significantly to obtain the high current, which suggests that the addition of oxophilic component is a rate-limiting factor for design of efficient catalyst. At high potential, the activity order was catalyst at f w = 0.033 > catalyst at f w = 0.108 > JM catalyst and the effects of ruthenium could be considered to inhibit the hydrogen oxidation on platinum as described in potentiodynamic measurements. These results represent that the optimum surface composition of PtRu catalyst might be not of 50 % Pt and 50 % Ru at high potential.
CONCLUSIONS
Platinum-ruthenium alloy nanoparticles were prepared by reverse microemulsions of water/isooctane/Igepal CA-630/2-propanol for fuel cell catalysts. The prepared bimetallic alloy had a high surface area and a high catalytic activity for the oxidation of reformate gas.
The size, morphology, and crystalline structure of bimetallic nanoparticles could be controlled by the systematic study on the synthesis conditions. The prepared bimetallic nanoparticles were spherical shape with narrow size distribution and the particle size was increased linearly with increasing water volume fraction. Also, the particles were highly dispersed at low water contents (f w < 0.05) and formed the spherical clusters for water contents of (f w > 0.05). The morphology of particles was related with the percolation behavior of water droplets in reverse microemulsions. The particles prepared by the pretreatment of the precursor solution using a hydrochloric acid had a bimetallic solid solution structure of almost 50 % Pt and 50 % Ru, otherwise showed the Pt-core/Ru-shell structure. The surface chemical composition and oxidation state of each metal were analyzed by XPS measurements. The prepared particles had surface of 55% Pt and 45% Ru including a large amount of oxide. The CO stripping cyclovoltammetry study indicated that the particles had a high electrochemically active surface area and the excellent characteristics of CO oxidation. Also, the electrochemical measurements compared with commercial catalyst showed that the prepared bimetallic particles had a stable and high catalytic activity for reformate gas oxidation.
